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Abstract 
Drainback systems (DBS) were developed in the Netherlands in the 1980’s, due to governmental regulations 
regarding potable water quality. The crucial attribute of drainback systems is the draining of the working fluid from 
the collector - always when the solar circuit is not in operation. The draining ensures a protection against both, 
overheating and freezing of the circulating fluid in the solar loop. Small installation failures can disturb the desired 
filling/draining processes. This can lead not only to improperly operation, but even damage the DBS. Therefore the 
knowledge on behavior of the DBS during the filling and draining is essential for ensuring the proper operation. 
An experimental setup was developed in order to investigate the filling and draining processes of the drainback 
system. Two types of drainback systems were considered: system with drain-back reservoir and heat storage as drain-
back reservoir. The first type has a separate, so-called drain-back reservoir which is located on the solar flow circle. 
The collector is hydraulically connected to the heat storage through an internal heat exchanger coil. In the second 
system type, the heat storage itself is the drain-back reservoir. The measurement equipment comprised magnetic-
inductive flow meters, manometers and a data acquisition system. For additional visual assessments, almost all 
hydraulic components (tubes, collector’s absorber, heat storage, drain-back reservoir) were made transparent and 
colored water was used as working fluid in the solar loop. Based on the dimensions of a real collector with a meander 
absorber its “imitator” was made of PVC pipes. The 100 liter heat storage and 25 liter drain-back reservoir were 
made of PP-H plastic.  
Different experiments were carried out and evaluated. The processes of filling and draining are described in detail in 
this paper. Results of this investigation are e.g.: 
x A siphon is a crucial effect for both filling and draining processes 
x A minimal hydrostatic height difference less than 10 mm between flow and return sides is sufficient for 
draining 
x The largest share of the heat carrier drains over the solar return pipe, caused by siphoned draining  
x Horizontal piping without slope does not disturb the draining process 
Explanations of these processes will be presented in the paper. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ISES 
 
* Corresponding author. Tel.: + 49 (561) 804-3890; fax: + 49 (561) 804-3993 
E-mail address: solar@uni-kassel.de. 
 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
2468   Ruslan Botpaev et al. /  Energy Procedia  57 ( 2014 )  2467 – 2476 
"Keywords: draiback system, draining process; filling process, drain-back tank; drain-back vessel"  
1. Introduction 
Drainback systems were developed in the Netherlands in the 1980’s, due to the governmental 
regulations regarding drinking water quality. Nowadays are at least 35 different drainback systems 
available on the world market [1]. The unique feature of the drainback is draining of the working fluid 
from the collector, always when the pump is switched off. The draining process due to gravity makes 
collector and all the piping above the drain-back reservoir empty. This ensures a simple, but safety 
protection from both, overheating and freezing of the circulating fluid. The simplified operation states of 
drainback systems are presented in the Fig.1. When the pump is turned off, the circulation liquid drains 
back down to the drain-back reservoir, in the presented case to the heat storage (Fig.1 left). The collector 
and piping above the heat storage are filling at the same time with air. After a while the hydraulic parts 
below the so called “drain-back” level are fully filled with circulating fluid, above that level with air. 
Collector with air is no more in danger of overheating or freezing of the heat carrier! It should be noted 
that there is no vent to the atmosphere. The air as well as liquid heat carrier should be contained in the 
solar loop, whereas the working fluid should be deaerated in conventional systems.  
 
 
Fig. 1. Drainback system with switched-off pump (left) and with running pump (right) [2] 
When the pump is turned on, the working fluid begins to fill the collector, at the same time the air from 
the collector is pushed to the top of the heat storage. The removed air is gathered and stored in the top of 
the heat storage during the whole operation mode. This air volume allows the heat carrier to expand 
without negative influences of high pressure on the system. In operation mode the energy of solar 
radiation is transformed into the heat in collector and delivered by circulating fluid to the heat storage. 
When the pump is switched off due to control signal or break of the electricity supply, air fills the 
collector again automatically, and these cycling processes –filling, operation mode, draining constantly 
repeat in the same order.  
The drainback system has a lot of advantages, besides the simple protection against overheating and 
freezing of the heat carrier. This system is simpler in comparing with conventional DHW/Combisystems 
due to fewer components: no air vents, no expansion vessel, no return valve. Except the listed, pure water 
can be used as heat carrier, which is environmentally friendly and cheaper than anti-freeze liquid. But 
drainback has also disadvantages. The main one is requirement of the proper installation through educated 
assemblers. Insignificant mistakes during the installation can not only disturb the operation, but even 
damage the drainback system. 
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1.1. Drainback requirements 
A key feature of drainback systems is three stage operating mode: filling, operation mode and draining 
of the solar fluid from the system. This complex requires careful planning of the entire hydraulics and 
proper installation. A small mistake can threaten the functionality of the DBS. Three stage operating mode 
becomes possible due to air in the solar cycle and a special volume, which will be filled by this air during 
the operation. These distinctive features of the hydraulics on the one hand reduce the components of the 
system and increase requirements on the other hand, for instance to piping and the pump. The safety and 
efficiency work, depends also on each mentioned mode separately, therefore filling and draining 
processes are also vital important. The main function of the filling is to fill and to ensure the “flooded 
flow” in the solar cycle. Another function is to collect the removed air from the collector and entire 
hydraulics in the special volume. During the filling the pump should overcome not only the frictional flow 
resistance through the hydraulic components, but also an elevation head. The elevation head is one of the 
decisive parameter in the choice of the pump/pumps. Operation of two circulation pumps connected in 
series is one of the filling strategies, which is implemented by different DBS. Besides the circulation 
pumps – a peripheral, a gear, self-priming pumps etc. are applied by drainback systems. The filling mode 
can last up to ten minutes. Successfully completion of the filling is a precondition of efficiently operation 
of the whole system. The operation mode starts if the solar cycle is filled. The operation mode has almost 
the same characteristics compared to conventional pressurized solar thermal system, aiming to gain solar 
energy yields. The only difference lies in the adjustment of the control strategy for the pump. When the 
operation mode is stopped, the gravitational draining process will start. The draining has an exclusively 
protective function for the solar thermal system. The empty collector excludes both overheating during 
stagnation and frost damages. It is important to allow the circulating fluid to be drained through an 
appropriate hydraulics, when the pump is off. Thus, one of the main requirements is to mount all piping to 
and from collectors with a certain slope downwards. It shall be emphasized, that there can be found 
different recommendations for the minimal slope in literature. For instance in the USA the minimum 
recommended slope for piping is 21 mm/m [3] that corresponds to approximately 1°. Some European 
scientists state that a typical slope in the practice is 10 mm/m [4], approximately 0.5°. Literature research 
has revealed also a requirement/suggestion of  1/16" per foot (0.3°) [5] or according to Orkli [6] 3° should 
be at least taken into consideration. These requirements could be found in installation manuals of 
producers of drainback systems. Summarizing and extending the list of requirements to the hydraulics it is 
mandatory:  
x To use only “drainable” collectors for the drainback system 
x The piping to and from collectors should have downward slopes 
x Pipes with low friction loss should be applied  
x Additional volume for the collection of air is necessary in the loop 
x Avoid “water pockets”, in particular for hydraulic parts on the top 
x No air vent, expansion vessel, return valve is necessary 
x The pump must be able to overcome both frictional flow resistances through the hydraulic, as well as 
the elevation head 
x The pump should allow a backflow. Otherwise a controlled bypass must be installed. 
2. Experimental Setup 
For investigation of the filling and draining processes an experimental setup was developed. The 
schematic diagram of the setup and its embodiment is presented in Fig.2. Two types of drainback systems 
were considered: a heat storage as drain-back reservoir and system with an additional drain-back tank. 
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Almost all hydraulic components were made transparent for visual assesments of the processes. Pure 
water with red colour was used as circulating fluid in the loop. The measurement equipment comprising 
of magnetic-inductive flow meters, manometers and a data acquisition system Agilent were applied.  
 
 
Fig. 2. Hydraulic scheme of the drainback system (left) and the existing experimental setup (right)  
The experimental setup consists of following components: 
x Solar collector and piping (Fig.3a). The collector model consists of meander absorber, which made 
from PVC pipes (Ø10mm inside) and fixed on the wood plate. The tilt angle of the collector is 
variable. The aperture area is approximately 1.2 m² (1.2 m x 1 m). The flow and return piping were 
constructed from PVC (Ø19 mm inside). Optionally the piping can be replaced by PVC with smaller 
diameter of 9 mm. It is to note that the PVC pipes have almost the same absolute roughness as copper 
pipes.  
 
   
a) Collector b) Drain-back reservoir c) Pumps d) Heat storage  e) MID Flow meter 
Fig. 3. Some components of the experimental setup drainback system.  
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x Drain-back reservoir (Fig.3b). A drain-back rectangular tank was welded from PP-H plastic. The 
dimensions of this tank are 200x200x600 mm (LxBXH), which correspond to 24 Liter. The thin plastic 
allows observing the flow inside the tank  
x Pumps (Fig.3c). There are two possibilities to force the circulation in the solar loop in the experimental 
setup: with one pump or two pumps connected in series. A set of valves allow to operate the solar loop 
either with a single powerful pump Grundfos 25-120 or two smaller Grundfos Solar 15-80 pumps.  
x Heat storage (Fig.3d). Both drainback systems were connected to the same heat storage. The storage 
was made from PP-H plastic in a cubic form. The inner dimensions are 320x320x1300 mm (LxBxH) 
with the total volume of about 130 Liter. One cm of the water column in the heat storage corresponds 
to approximately one liter of the water volume. A polycarbonate plate is mounted on the front side of 
the heat storage. The plate is almost as transparent as glass. The heat storage has five connections - two 
of them connected with an internal heat exchanger coil, other two for the direct connection of the solar 
loop, and the last one for the air vent.  
x Measurement’s acquisition. The data acquisition system Agilent 34970A was used for monitoring, 
gathering and evaluation of the measurement data. Manometers and flow meters were the main sensors 
of the experimental setup. Based on experience of [7] magnetic-inductive flow meters, that have no 
influence on flowing circulation fluid were used. These sensors ABB Process Master 311(Fig.3e) are 
capable to measure the flow rate in both directions. One flow meter was mounted on the return pipe 
close to the heat storage, the second one on the flow pipe above the drain-back tank. Two digital 
manometers from JUMO GmbH & Co KG were placed on the highest point of the hydraulics and 
behind the pumps. Furthermore, there are several analog manometers for control purposes.  
3. Measurements and analyses 
Different experiments were carried out in order to describe the filling and draining processes of the 
DBS. Each experiment was repeated at least three times to verify the results. The measurement results are 
presented in the diagrams below. The X-axis, that reflects the time in seconds, was additionally split into 
several stages and separated with capital letters (A-F). Each stage will be described separately (Fig.4). 
Experiment 1. Drainback system with heat storage as drainback reservoir (Fig. 2 left side). Two 
serially connected pumps were applied. The diameter of flow and return piping was 19 mm. The flow 
pipe from the collector to the heat storage ends above the water level in the heat storage. The system is 
  
Fig. 4. Filling, operation mode and draining process of the drainback system with heat storage as drain-back reservoir, no air vent. 
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closed, without any air vent. The results of the first experiments are presented in Fig.4. and described 
below. 
AB – the system is not in operation. Both flow meters recorded zero flow rates. The absolute pressure 
on the top of the system (P_top) is 1 bar, while the pressure behind the pumps (P_pump) is slightly above 
1 bar due to a water column in the heat storage of about 50 cm. 
BC – the filling process. Two serially connected pumps were started at time B. During the first 
seconds the flow should overcome not only the frictional flow resistance through the hydraulic 
components, but also the vertical lift head. As it can be seen in Fig. 4, the absolute pressure behind the 
pumps increased from 1 to 2.4 bar within some seconds. The same happened with the flow rate, where the 
flow in the return cycle (MID_return) was rapidly changed from 0 to 13 l/min. The return pipe is 
gradually filled with water. The heat carrier continued to flow against gravitation forces with a decreasing 
flow rate (appr. from t=17 to t=21 sec). The visual observation showed the full flow, without any gas 
entrainment in the return pipe, along the entire period BC. The filling process looks quite different after 
the water flow reached the highest point of the hydraulics (approx. at t=21 sec) and entered the flow 
piping. Once the flow began to fill the flow side, the gravity started to support the pumps. Since that 
moment the MID_return registered the increase of the flow rate, while MID sensor on the flow pipe 
(MID_flow) displayed fluctuating values. Hence, the latter occurs due to air in the stream, the delivered 
values of the MID_flow are obviously not correct. The water flow pushed the air from the collector into 
the heat storage. Within 63 sec, the process is stabilized and the collector loop is fully filled with water. 
The appeared siphon cancels out the initial “lift head”, allowing to continue the operation with one pump.  
 The absolute pressure at the top of the hydraulic was approximately 1 bar from the moment of turning 
on the pumps up to circulating fluid reached the highest point behind the collector. Afterwards the flow 
got into the flow piping and streamed down the piping towards the heat storage. A siphon is established 
when the circulating heat carrier reached the flow pipe. The appearance of the siphon is clearly visible 
from the decreasing values of the absolute pressure on the top in the Fig.4. (from 21 sec.). This pressure 
fell below atmosphere pressure. The established vacuum on the top can be explained using Bernoulli’s 
equation: 
  
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P1, P2 - static pressure at any two points. It was considered here the top and the lowest part of the flow 
piping (connection to the heat storage), ghU  - hydrostatic pressure 
                 dynamic pressure. 
The static pressure is part of the total pressure and measured by conventional manometers. In operation 
mode the dynamic pressure should be the same in both parts of equation, assuming successfully filling of 
the collector loop, because flow rates and diameters of the piping are identical. Therefore the static 
pressure at the top can be simplified and expressed as: 
)( 2121 hhgPP  U   (2) 
From equation (2) it can be seen that the reduction of the pressure at the top is proportional to the 
water head in the flow cycle. The water head in this case is the height from an air gap (end of the flow 
pipe) to the top (upper part of the flow side). 
2
2UX
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CD – operation mode. The solar loop is completely filled with water and the air was collected in the 
heat storage. It can be seen in Fig.4 that  all measured quantities are stationary.  
DE – operation mode with one pump. The drainback system operates with two serial pumps only 
during the filling. The time of operation of the “filling pump” is adjustable by means of control units of 
the solar heating system. The duration should exceed the time to remove completely the air from the solar 
loop! In the case presented in Fig.4 both pumps were in operation until stationary conditions were 
reached. After shutting down one pump at time D (approx. 130 sec.), the values of all sensors were 
rapidly reduced and quickly stabilized.  
EF – draining process. The pump was switched off at time E (145 sec.). As expected, the absolute 
pressure behind the pumps (P_pump) drop down to 1 bar in couple of seconds, after stopping the pump. 
The circulation fluid flowed first 5 seconds with constantly decreasing flow rate, than stopped for a 
moment(point of intersection with x-axis ), completely reversed the flow direction and drained over the 
return pipe. The direction change of the flow is reflected on the curve by means of negative values of the 
flow rate. Once the direction has changed, the further draining process occurred in the manner that almost 
the whole amount of water in the flow pipe flowed through the collector and drained over the return pipe. 
The reason for the reverse flow direction is a difference of hydrostatic pressure in flow and return pipe. 
This initial difference of hydrostatic pressure is caused by a height of the air gap in the heat storage/drain-
back reservoir, which causes a driving force for the flow. A well-known siphon principle is based on this 
pressure difference. The part of the solar loop above the bottom of the air gap in heat storage can be 
concerned as a siphon, whereas the lower part of hydraulics as communicating vessels. In the siphon, the 
water falling down on one side of the pipe pulls up the water on the other side. The same happened at 
draining of the solar thermal system. The profile of the flow rate during the siphon draining process 
shows a shape similar to a parabola curve (Fig.4, MID_return curve from 150 to 190 sec.). The flow rate 
constantly increased at the beginning, reached its maximum value (t=179 sec.) and then began 
continuously to decrease. Again, this occurs due to constant changes of the hydrostatic pressure in flow 
and return pipe. During the draining, the height of the air gap on the flow side continuously raised and 
achieves its maximum when the flow side has been completely drained. 
The continuous decrease of the flow rate after the maximum point caused the fact, that the water head 
in the return side became smaller. The draining flow rate is proportional to velocity and can be expressed 
by neglecting of friction, and rupture of the stream as: 
hydgh2 Q                                                                                                            (3) 
hydh   is the difference of hydrostatic pressure in flow and return pipe. 
It has to be emphasized that insignificant water volume remained in the collector piping in all 
experiments.   
 
Experiment 2. Drainback system with drain-back reservoir as separate component (Fig. 2 right side). 
The diameter of the flow and return piping was 19 mm. The inlet piping to the drain-back reservoir lies 
again above the water level. The system is closed, without any air vent. The behavior of the processes of 
the drainback system with drain-back reservoir is similar to the processes that were described above. The 
drain-back reservoir is located in the flow pipe approximately three meters above the pumps.  
The additional water column in the loop led to a pressure of 1.3 bar behind the pumps (P_pump), when 
the pumps are turned off (Fig.5, AB). At the same time it means that the lift head of the pumps during the 
filling process is decreased. 
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Fig. 5. Filling, operation mode and draining process of the drainback system with a drain-back reservoir and no air vent. 
BD – the filling process. At time B two serially connected pumps were started. The filling process is 
less stable compared to the first case. The fluctuation of the values of the flow rate sensor on the flow side 
was obviously caused by the air in the stream. The pressure sensor on the top showed also slight 
fluctuations caused by the air. The return pipe was completely filled with water, while in flow pipe the air 
bubbles could be observed.  
DE – operation mode with one pump. Similar to experiment 1, the values of all sensors were rapidly 
reduced and quickly stabilized after shutting down one pump at time D (approx. 110 sec.). 
EF – draining process. The pump was switched off at time E (126 sec.). For some seconds, the 
circulation of the heat carrier proceeds further due to inertia. After five seconds the circulation is stopped, 
changed direction and the draining process began. The maximal draining flow rate (5 l/min) is almost half 
as large as it was achieved in the previous experiment (10 l/min) with the heat storage as a drain-back 
reservoir. Again the reason of the decreased flow rate is the pressure difference between flow and return  
pipe. Due to higher level of the drain-back vessel, the maximal hydrostatic pressure difference is reduced 
during draining. This led (according eq.2) to a decrease of the maximal draining flow rate. MID_flow 
located direct above the drain-back reservoir. Thus, only negligible amount of the water passed through 
this sensor, causing a fluctuating due to air in the stream (approx. 133 sec.). Similar to the first 
experiment, insignificant water volume remain always in collector piping. 
 
Experiment 3. Drainback system with heat storage as drain-back reservoir and different diameter of 
the piping in flow and return side (Fig.6). The diameter of return side piping was chosen as 9 mm, 
whereas of the flow side was 19 mm. The air gap in the heat storage was adjusted on the minimal 
achievable level of about 10 mm. If the first two experiments were aimed to show the principal behavior 
of filling, operating mode and draining processes, the third experiment is a parameter study. The different 
diameters of the piping in flow (Ø 9mm) and return side (Ø 19mm), as well as the slope of the piping and 
direction (slope towards and from collector) with minimal possible air gap in the heat storage were 
investigated. The measured data of one of the experiment is presented in Fig.6. The behavior of the 
processes of the drainback system is similar to the processes that were described above. The processes 
occurred in the same direction as before and are successfully completed. 
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BD – filling process. Two pumps serially connected were started at B. The return side was filled a 
couple of seconds earlier as in previous experiment, due to the smaller cross-section of the pipe. When the 
filled water reached the flow cycle, the fluctuation of the values of the flow rate sensor was again 
observed. The duration of the filling process took just a few seconds more than in the first experiment. 
EF – draining process: the pumps were switched off. As it was observed in previous experiments the 
circulation proceeded further several seconds with constantly decreasing flow rate. After stopping, the 
direction of the draining was changed. It is to emphasize that the air gap was only 10 mm, and the height 
of the hydraulic is 6 m! Nevertheless the draining started and completed successfully.  
 
Fig. 6. Filling, operating mode and draining process of the DBS with different diameters of the piping in flow and return cycle.  
In the scope of this experiment the slope and its direction of the upper piping was additionally varied 
in the range of 180 to 165 and 0 to 15 degree (0 and 180° are horizontal). Graphs of these measurements 
are not presented; because they look very similar to other figures in this paper. The visual estimation of 
the remained water in the solar loop after draining was the main approach to give a qualitative conclusion 
for the experiments. The filling and draining processes were very similar for all variations, independent 
on the slope. 
The appearance of a siphon effect was observed during the filling as in previous experiments. Draining 
occurred also with horizontal piping. In case of adverse inclination or sagging of the plastic pipes a water 
pocket in hydraulics was observed. Insignificant volumes of water remained in particular in the collector 
piping (Ø 9mm) and in case of water pockets for all inclinations of the pipes. It can be concluded that not 
the slope of the upper piping is important during the draining, but the avoidance of water pockets. 
Remained water in water pockets can lead to pipe failure in winter time.  
4. Conclusion  
An experimental setup was built to investigate the filling and draining processes of the drainback 
system. Two types of the drainback system were taken into consideration: a heat storage as a drain-back 
reservoir and a separately mounted drain-back tank. Almost all components of the experimental system 
were transparent, that gave the chance to visually observe the processes. Three different experiments were 
described in this paper. The first two experiments aimed to present the basic principles of the filling and 
draining processes of the drainback system. The third experiment reflected the influence of the height of 
the air gap, slope and diameters of the piping on filling and draining processes.  
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Drainback solar thermal system operates under pressure conditions not typical for conventional 
pressurized solar plant. The underpressure on the top of the DBS is a consequence of the siphon effect. 
The siphon, which is established during the filling by appearance of the water column in the flow pipe– is 
essential for the filling. The siphon compensates the lift head to be overcome by the pump. The level of 
underpressure on the top depends linearly on the height between the top of the hydraulic and the upper 
level of the air gap. The filling of the return and flow sides happened differently. As long as the flow 
streams only against the gravitational force in the return pipe, the air will be completely pushed out of the 
pipe for hydraulics without parallel connections. Once the flow reached the flow side, during several 
minutes a partially filled pipe was observed. During filling, the air in the flow side is continuously pushed 
by the flow down to the heat storage/drain-back reservoir. After a while a “flooded flow” can be observed 
in the loop, which indicates: the filling was successfully completed.  
To ensure the draining in the solar loop – a hydrostatic pressure difference between flow and return 
side is mandatory. Even a very low value of hydrostatic height difference, less than 10 mm, will be 
enough to initiate the draining. The draining occurred always in the direction reverse to circulation - a so 
called siphoned drain. The water in the flow side was pulled up, passed through the collector and drained 
over the return side. The profile of the flow rate during the draining is similar to a parabola curve. The 
flow rate constantly increased at the beginning, reached its maximum value and then began continuously 
to decrease.   Negative slopes of the piping or sagging lead to water pockets, which can cause threats to 
DBS. Even horizontal piping is in principle suitably for a safety draining! At the end it has to be 
emphasized that an insignificant amount of the water remains always in the upper part of hydraulics, 
therefore especially water pockets should be avoided.  
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